Murine embryonic stem (ES) cells are permanent blastocyst-derived cell lines capable of contributing to a wide variety of tissues, including the germ line, after injection into host blastocysts. Recently, we have shown that ES cells can produce all of the cells of the developing fetus after aggregation with developmentally compromised tetraploid embryos. Completely ES cell-derived embryos die perinatally, but the liver of these embryos is a source of entirely ES cell-derived hematopoietic progenitors. We have taken 14-to 15-day fetal liver cells from ES cell-tetraploid chimeras and reconstituted the hematopoietic system of lethally irradiated adult recipient mice. ES cell-derived hematopoietic stem cells were capable of long-term (>6 months) repopulation of irradiated recipients, and all hematopoietic cell lineages analyzed (erythrocytes, T cells, mast cells, and macrophages) were derived exclusively from ES
cells in such recipients. Thus, ES cells retain the capacity to differentiate into all hematopoietic cell types after prolonged passage in culture. This approach should provide a direct route to the production of mice whose hematopoietic cells carry genetic alterations that would be lethal if passed through the germ line.
Mature blood cells have a limited life-span and hence must be constantly replenished in the adult organism by the proliferation and differentiation of a hierarchical array of pluripotent and committed hematopoietic stem cells (1) (2) (3) . Thus, hematopoiesis is an excellent system for analyzing the molecular processes that control growth and differentiation. The extreme cellular heterogeneity of hematopoietic cell populations has precluded molecular approaches to questions concerning the biochemical basis for developmental decisions of the hematopoietic stem cell. A permanent cell line with the potential to give rise to all cells of the hematopoietic system would greatly increase the kinds of molecular genetic manipulations that could be applied to the study of hematopoiesis. Several groups have reported the purification of cell populations with some of the properties of hematopoietic stem cell (4-7) but, to date, it has not been possible to expand these cells into permanent cell lines that maintain their pluripotency. An alternative approach to the purification of hematopoietic stem cells from bone marrow would be to derive such cells from cell lines with even broader developmental potential. Pluripotent embryonic stem (ES) cells are permanent blastocyst-derived cell lines (8, 9) capable of contributing to a wide variety of tissues in the developing embryo, including the germ line, when injected back into the host blastocyst (10, 11) . ES cells (12, 13, 39) and embryonal carcinoma (EC) cells (14) have been shown to produce some mature hematopoietic cells when cultured under certain conditions. However, it has not yet been possible to reconstitute lethally irradiated mice with undifferentiated ES cells (15) . Here we describe an alternative approach that involves that production of completely ES cell-derived fetuses by aggregating ES cells with tetraploid embryos (16) . Normal fetal liver is a rich source of hematopoietic stem cells that are capable of reconstituting the hematopoietic system oflethally irradiated adult mice (17, 18) . We report here that ES cell-derived fetal liver from ES cell-tetraploid chimeras retains this ability, thus making it possible to bypass germ-line transmission and introduce the progeny of genetically manipulated ES cells directly into the adult hematopoietic system.
MATERIALS AND METHODS
Mice. (C57BL/6 x CBA)F1 female mice were produced by crossing CBA male and C57BL/6 female mice (obtained from The Jackson Laboratory). CD1 mice were purchase directly from Charles River Breeding Laboratories.
Production of ES Cell-Derived Fetuses. Two-cell-stage embryos were recovered 43-45 hr after human chorionic gonadotropin injection of superovulated (C57BL/6 x CBA)F1 females mated with mice of the same glucose-phosphate isomerase (GPI) phenotype, BB. The two blastomeres were fused by a single electrical impulse of 100 ,usec at 1000 V/cm. The resultant tetraploid embryos were cultured in M16 medium (38) for 24-28 hr to reach the four-cell stage. Male 129/Sv-derived D3-ES cells (GPI-AA) (12) were gently trypsinized, and a loosely connected clump (10) (11) (12) (13) (14) (15) Fig. 1 ). In addition, 5 x 104 cells were injected into irradiated (9.5 Gy) animals for spleen colony assays (19) . Individual 10-day spleen colonies were dissected from the spleen of recipient mice and DNA was extracted as described below.
Abbreviations: ES, embryonic stem; GPI, glucose-phosphate isomerase.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. Southern Blot Analysis. DNA was isolated by standard procedures, digested with EcoRI, electrophoresed on a 0.7% agarose gel, and blotted on GeneScreenPlus (DuPont). Blots were hybridized at 420C with a Y-chromosome-specific probe (pT353/B) (20) labeled by random priming and washed in 15 mM NaCI/1.5 mM sodium citrate, pH 7.0/0.1% SDS at 650C before autoradiography.
Sample Preparation for GPI Analysis. Spleen, lymph nodes, thymus, and brain were gently dissociated in a ground glass homogenizer, then filtered through a fine mesh sieve to remove stromal cells. Cells were centrifuged, resuspended in 50 mM triethanolamine hydrochloride, pH 7.6, containing dithioerythritol at 0.3 mg/ml and bovine serum albumin at 0.5 mg/ml (sample buffer), and stored at -700C prior to analysis. Mast cells were grown out from bone marrow of primary recipients by culturing for 3 weeks in the presence of interleukin 3 as described (21) . Macrophages were cultured from bone marrow in the presence of L-cell-conditioned medium [a source of colony-stimulating factor (CSF-1)] according to published methods (22) . GPI Analysis. Isozyme analysis was performed essentially as described (23) . Briefly, cell homogenates were diluted in sample buffer and electrophoresed on cellulose acetate nmembranes (Helena Labs) in Supraheme electrophoresis buffer (Helena Laboratories) (pH 8.2-8.6) for 100 min at 200 V. A 1.2% agarose overlay containing 15 mg of fructose 6-phosphate, 2 mg of nicotinamide-adenine dinucleotide phosphate (NADP), 1 unit of glucose-6-phosphate dehydrogenase (G6PDH), 0.2 ml of nitroblue tetrazolium (NBT; 10 mg/ml), and 0.2 ml ofphenazine methosulfate (PMS; 1.8 (Fig. 2a) , indicating that the ES cell-derived fetal liver cells were capable of contributing to the hematopoietic system.
ES Cell-Derived Spleen Colony-Forming Cells (CFU-S) and Repopulation of Lethally Irradiated Secondary Recipients. To determine whether cells within the stem cell hierarchy were also derived from ES cells, spleen colony assays were performed by injecting the bone marrow from R1 into female mice, and the resultant CFU-S were analyzed by Southern blotting (Fig. 2a) . Six spleen colonies analyzed (data are shown for four) were derived from Y-chromosome containing Developmental Biology: Forrester et al. 7), and brain (lane 8) of this mouse was analyzed. Control male and female 129/Sv liver DNA was loaded in lanes 9 and 10, respectively, and a mixture (1:1) of these in lane 11. cells, demonstrating that there were ES cell-derived CFU-S in the bone marrow of this animal.
Normal hematopoietic stem cells have considerable proliferative capacity and hence can reconstitute the entire hematopoietic system of both primary and secondary recipients. To determine whether ES cell-derived hematopoietic stem cells also have extensive proliferative capacity, bone marrow (5 X 106 cells) from the other primary recipient (R2) was transplanted into five 129/Sv female irradiated recipients. Two of these secondary recipients survived, and Southern blot analysis showed that their hematopoietic systems, at 2 months after reconstitution, were also repopulated with ES cell-derived cells (Fig. 2b) .
Kinetics of Repopulation of Peripheral Blood Cell Populations with ES Cell-Derived Cells. The experiments using the Y chromosome-specific marker clearly demonstrate that ES cell-derived cells were present in the hematopoietic system of these radiation chimeras. However, in the absence of a reciprocal marker for host cells, we could not eliminate the possibility of some repopulation by endogenous progenitors. In a second series of experiments, we used GPI isozymes as quantitative markers to assess the proportion of the reconstituted system that was derived from ES cells at various times after reconstitution. The GPI isozymes also provided markers for mature erythrocytes, the major cell population in peripheral blood, which can be conveniently sampled without sacrificing the animal. Fetal livers from two ES cell-derived embryos were used to repopulate a total of nine lethally irradiated (129/Sv x C57BL/6)F1 (Gpi1Ja/Gpi-1b) recipients (Fl-F9). The time course of donor repopulation was assessed by GPI analysis of serial blood samples. GPI exists as a dimeric molecule and so, under nondenaturing conditions, heterozygotes are characterized by three electrophoretically distinguishable bands, GPI-AA, -AB, and -BB, present in a 1:2:1 ratio, respectively. Fig. 3 a and b illustrates the loss of the host GPI-AB hetero-and GPI-BB homodimeric bands and the concomitant increase in donor GPI-AA homodimer over time in the erythrocyte population offour recipients. No contribution from the tetraploid GPI-BB isozymes was detected. By 42 days after reconstitution the majority of erythrocytes were donor-derived in all nine mice analyzed. At this time erythrocytes were removed from peripheral blood samples by osmotic lysis, and GPI analysis ofthe remaining white blood cells showed that in all nine mice these cells were exclusively ES cell-derived (Fig. 3c) . The GPI electrophoretic assay could detect minority bands that represent only 1% of the total sample (data not shown).
No Detectable Contribution by Host Cells to Long-Term Hematopoiesis in Animals Reconstituted with ES Cell-Derived Cells. Total bone marrow, lymph node, spleen, and thymus, as well as mast cells and macrophages (generated in vitro by growing bone marrow cells in the presence of interleukin 3 and colony-stimulating factor 1, respectively), were analyzed from three animals reconstituted with ES cell-derived fetal liver, two of which are shown in Fig. 4 . All these tissues and cell types expressed only the ES cell-derived GPI isozyme, whereas control nonhematopoietic tissues showed the characteristic three-banded pattern of a GPI heterozygous host. The remaining six mice were still alive 6 months after reconstitution and their peripheral erythrocytes remained exclusively GPI-AA. The sacrificed mice showed no obvious hematological abnormalities, and blood smears ofthe remain- (26) (27) (28) (29) (30) (33) (34) (35) , thus bypassing problems of ectopic expression or embryo lethality. However, the expression of genes introduced by this route tends to be poor (35 Essentially all genetic alterations that are compatible with normal development of the fetus to midgestation can be studied by this ES cell-tetraploid chimera route. Recessive mutations in hematopoietic-related genes can be generated by homologous recombination in ES cells (36) . If both alleles are targetted (37) , the effect of homozygosity in the hematopoietic system can be assessed without the requirement for passage through the germ line. This experimental system will also facilitate analysis of cis-acting sequences and transacting factors that regulate cell-type-specific gene expression and make it possible to generate models of certain human hematopoietic disorders.
